| INTRODUCTION
West syndrome (WS) is an age-related epileptic encephalopathy characterized by epileptic spasms (ES), developmental arrest, and a pattern of hypsarrhythmia on electroencephalography (EEG). 1 Early and aggressive treatment with aderenocorticotoropic hormone (ACTH) or vigabatrin is important for seizure control and prevention of cognitive deterioration. 2 In patients with focal cortical lesions on magnetic resonance imaging (MRI) or computed tomography (CT) coincident with epileptic abnormalities on EEG, resection of the lesion has been reported to lead to cessation of ES, [3] [4] [5] [6] [7] [8] as well as improvements in and protection against deteriorations of psychomotor development. 9, 10 The identification of appropriate candidates for resective surgery among patients with WS may be difficult when a clear epileptic lesion is not detected by MRI. Chugani et al [11] [12] [13] reported excellent surgical results in patients with ES following cortical resection or hemispherectomy based on focal functional abnormalities on positron emission tomography (PET). These results suggest that the cortex may act as a trigger of ES. On the other hand, Pinard et al 14 first noted the effectiveness of corpus callosotomy (CC) in patients with WS. They reported that ES were reduced and bilateral hypsarrhythmia became asymmetrical following CC. These findings suggested that a bilateral cortical connection through the corpus callosum was important for the generation of hypsarrhythmia and symmetrical ES. However, the number of patients was limited and long-term outcomes were unknown. Our aim was to analyze seizure and developmental outcomes following CC in patients with WS in whom preoperative EEG and MRI did not indicate definite focal abnormalities, and to elucidate the function of the corpus callosum in WS.
| PATIENTS AND METHODS
We reviewed the medical records of 81 infants and young children with WS who underwent CC between January 2000 and December 2014 at the National Hospital Organization Nagasaki Medical Center (NMC) in Japan. In this study, the following patients were excluded: patients (1) with postoperative follow-up <12 months, (b) in whom video-EEG monitoring revealed asymmetrical ES or epileptic abnormalities in only one hemisphere, (3) for whom preoperative MRI revealed focal or hemispheric lesions, and (4) who transitioned from WS to other epileptic syndromes such as Lennox-Gastaut syndrome. Fifty-six patients (31 girls) were included in this study. All patients were referred to the NMC Epilepsy Center for evaluation of their medically intractable epilepsy. In all patients, WS had been diagnosed by their referring pediatric neurologists.
Preoperatively, scalp long-term video-EEG monitoring (Nicolet Nicoletone; Natus Neurology Inc., Neurofax, Nihon Kohden) and MRI (Vectra 0.5T; GE Healthcare; Intera 1.5T, Philips Healthcare, Achieve 1.5T, Philips Healthcare) were performed in all patients. Single-photon emission computed tomography (SPECT) (Symbia E; Siemens Medical Solutions) using 99mTc-ethyl cysteinate dimer was performed on 54 patients (96%) during interictal periods without video-EEG monitoring. PET (Siemens Biograph 16 True Point TV ) using 2-deoxy-2-[18F] fluoro-D-glucose was performed on two patients after its introduction to the NMC in 2014. However, in this study, the results of SPECT and PET were not considered in decisions regarding surgical methods, such as resective or disconnective surgery, since seizure incidence was extremely frequent and it was difficult to correctly time the radioisotope injection without video-EEG monitoring.
To assess EEG changes after CC, interictal EEG findings obtained during video-EEG monitoring 1 year after CC were visually analyzed. Ictal EEG findings were not used due to contamination from motion artifacts. Changes in EEG patterns were classified arbitrarily into 3 groups depending on the distributions of epileptic abnormalities: (1) no epileptic abnormality group; (2) lateralized group, with epileptic abnormalities recorded in a single hemisphere or a localized area of the unilateral hemisphere (Figure 1A ,B); and (3) bilateral asynchronous group, with epileptic discharges asynchronously recorded in both hemispheres ( Figure 1C,D) . EEG changes were compared to seizure outcomes at the final follow-up point from 12 to 97 months after CC.
The Kinder Infant Development Scale (KIDS) 15 was used in all patients for preoperative and postoperative assessment of psychomotor development. The KIDS is a parent-rated questionnaire that has been developed for developmental screening of children aged from 1 month to 6 years and 11 months in Japan. The KIDS consists of 9
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Preoperative findings were discussed and surgical indications were decided upon at epilepsy conferences attended by pediatric neurologists, neurosurgeons, and neuropsychologists in the epilepsy center at NMC. In our center, staged total CC has been performed since 1988. Beginning in 2003, one-stage total CC was performed on all infants and young children younger than 10 years. Of the 2 patients who received only anterior CC, one patient was seizurefree after the surgery and the other had declined posterior CC. In patients who underwent staged total CC, the follow-up period was considered to begin at the end of the total CC. In patients who underwent additional surgery after CC, the day before the surgery was defined as the final follow-up point.
Seizure outcomes at the final follow-up point were classified into 5 classes according to the criteria of Williamson 17 : (1) seizure-free (F), complete elimination of seizures; (2) excellent (E), >80% reduction in seizure frequency; (3) good (G), >50% reduction in seizure frequency; (4) poor (P), <50% reduction in seizure frequency; and (5) worse (W), worsening of seizures and/or unacceptable neurologic deficit. The F and E classes were considered representative of worthwhile improvements. Determination of seizure type and frequency at each follow-up point was based on seizure diaries maintained by F I G U R E 1 Examples of interictal EEG changes before and 1 year after corpus callosotomy (CC). The upper column shows one example of interictal EEG recordings before and after CC in the lateralized group. Epileptic abnormalities (A) recorded in both hemispheres before CC were transformed into unilateral abnormalities in the right hemisphere after CC (B). The lower column shows one example in the bilateral asynchronous group. After CC (D), epileptic abnormalities were recorded asynchronously in both hemispheres when compared to those before CC (C) the patients. The type of seizure was confirmed during video-EEG monitoring. This study was approved by the institutional ethics board of NMC (#19013).
The Student's t test, Fisher's exact test, and chi-square test were used for statistical analysis. Preoperative predictive factors related to seizure outcome were analyzed using multivariate logistic regression analysis (KyPlot 5.0, Kyenslab Inc.). Statistical significance was defined at P < 0.05.
| RESULTS

| Clinical profiles of patients
Mean age at onset of epilepsy was 5.1 months (range 0-24 months). Mean age at the onset of ES was 6.3 months (range 0.1-24 months) in 50 patients and unknown in 6. Before the onset of WS, 11 patients were diagnosed with early infantile epileptic encephalopathy (Ohtahara syndrome) and 14 had experienced partial seizures. Gene abnormalities in FTS, SCN2A, and NF1 were present in one patient each. Cytomegalovirus infection was also identified in one patient. Five patients were born premature and 2 experienced asphyxia at term. During the postnatal periods, one patient experienced asphyxia and 2 had infections of the central nervous system.
At the time of the initial diagnosis of epilepsy, EEG revealed hypsarrhythmia in 31 patients, modified hypsarrhythmia in 6, suppression-burst pattern in 11, and focal spikes in 6. The EEG results in 2 patients were not reported to us. All patients were treated with a variety of antiepileptic drugs (mean 2.6 drugs, range 1-4 drugs), but not vigabatrin, which was unapproved for use in Japan before 2016. ACTH (or corticotropin) treatment was given to 47 patients (84%), and thyrotropin-releasing hormone and gamma globulin were administered to 7 (13%) and 5 (9%) patients, respectively.
| Presurgical examinations
During video-EEG monitoring, symmetrical ES were captured in all patients, and 11 patients displayed tonic seizure (TS) in addition to ES. TS were usually recorded subsequently to ES. None of the ictal symptoms or epileptic discharges were indicative of lateralized or focal abnormalities. During the interictal phase, hypsarrhythmia was recorded in 12 patients, and modified hypsarrhythmia was seen in 39. Five patients showed bilateral multiple spike foci. MRI showed diffuse bilateral brain atrophy predominantly in the frontal region in 45 patients (80.4%). Eleven patients did not show any abnormality on MRI. A focal or unilateral-hemispheric hypoperfusion area was identified on SPECT in 20 of the 53 patients (37.7%), although such abnormalities did not correlate with either ictal symptoms or abnormalities on EEG.
| Seizure outcomes and presurgical predictive factors related to seizure outcome
Anterior CC was performed in 2 patients, staged total CC was performed in 3, and total CC in 51. Mean age at the time of CC was 22.6 months (range 3-66 months) and mean duration of epilepsy before CC was 17.6 months (range 2-60 months). Mean follow-up was 36.6 months (range 12-97 months). The outcome at the final follow-up point was F in 18 patients (32.1%), E in 15 (26.8%), G in 10 (17.9%), and P in 13 (23.2%). No patients had worse outcomes (Table 1) . Thirty-three of the 56 patients (58.9%) showed worthwhile improvements after CC. Twenty-four of the 56 patients with ES (42.9%) were seizure-free and 13 patients (23.2%) had excellent results. Worthwhile improvements in ES were observed in 37 of 56 patients (66.1%). In contrast, outcomes in patients with TS were significantly poorer than those in patients with ES. None of the patients with TS were seizure-free (P < 0.05) and only 2 of these patients (22.2%) showed excellent results (Table 1) . Preoperative predictive factors related to surgical outcome were analyzed using multivariate logistic regression analysis (Table 2 ). Preoperative factors of interest included male sex, onset of epilepsy before 3 months of age, age at the time of CC younger than 1 year, duration of epilepsy from onset to CC <12 months, diffuse brain atrophy on preoperative MRI, developmental delay before the onset of epilepsy, and preoperative DQ <30. Developmental delay before the onset of epilepsy was the only factor significantly correlated with the absence of worthwhile improvements (P < 0.05).
| Changes in interictal EEG
abnormalities and seizure outcomes Table 3 shows changes in interictal EEG abnormalities 1 year after CC. No epileptic abnormalities were recorded in 6 patients (10.7%). Nineteen patients (33.9%) had unilateral focal or hemispheric epileptic abnormalities, and bilateral asynchronous abnormalities were recorded in 31 patients (55.4%). All patients without epileptic discharges were seizure-free. Fifteen of the 19 patients (78.9%) in the lateralized group and 12 of the 31 patients (38.7%) in the bilateral asynchronous group showed worthwhile improvements. Seizure outcome and the pattern of EEG changes were significantly correlated (P < 0.01).
In the lateralized group, frontal resection was performed in 4 patients, posterior quadrantectomy in 5, and either hemispherotomy or subtotal hemispherotomy (frontal disconnection and posterior quadrantectomy preserving the motor cortex) was performed in 3 to treat residual seizures. The preliminary results of subsequent surgery after CC have been reported previously. 18 
| Psychomotor development outcomes after CC
Preoperative psychomotor development was severely disturbed in the majority of the patients. Mean DQ and DA were 18.2 (range 0-66) and 3.5 months (range 0-25.8 months), respectively. Thirteen of the 56 patients (23.2%) had preoperative DQ values >30. Developmental delay before the onset of epilepsy was obvious in 29 patients (51.8%, delayed group). Preoperative DQ and DA in the delayed group were 12.3 and 1.6 months, respectively, and were significantly lower than those in patients without developmental delay before the onset of epilepsy (nondelayed group, 24.5 and 5.6 months, respectively, both P values P < 0.01). Although exact information regarding psychomotor developments before the onset of epilepsy was unavailable for patients in the nondelayed group, the parents or caregivers of the patients reported no abnormalities in psychomotor developments. In patients in the nondelayed group, a rapid decline in DQ from a normal developmental level to a mean of 24.5 was observed during a mean of 20.6 months from the onset of epilepsy to CC. Table 4 shows the chronologic changes in DQ, DA, and DR at the follow-up points of 1 and 2 years after CC. The KIDS was administered to the parents of 48 of the 56 patients (86%) 1 year after CC and those of 36 of the 38 patients (95%) 2 years after CC. Postoperative mean DQ and DA declined gradually during follow-up. Mean DQ and DA for all patients 2 years after CC were 15.4 and 7.8 months, respectively. Preoperative DQ and DA in the F + E group were 21.4 and 4.3 months, respectively, whereas those in the G + P group were 13.5 and 2.4 months, respectively. No significant differences were observed between the groups before CC, but DQ and DR were higher in the F + E group at the 1-and 2-year follow-up points than in the G + P group (P < 0.05). There was a trend for higher DA values in the F + E group than in the G + P group 2 years after CC (P = 0.056).
| Outcomes in the nondelayed and delayed groups
Age at onset of epilepsy, age at the time of CC, and duration of epilepsy were 7.3, 20.6, and 20.6 months, Interictal EEG findings correlated significantly with the seizure outcomes at the final follow-up (P < 0.01).
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| 2235 respectively, in the nondelayed group, and 3.1, 17.8, and 14.8 months, respectively, in the delayed group. Age at the onset of epilepsy (P < 0.01) and age at the time of CC (P < 0.05) were significantly lower in the delayed group than those in the nondelayed group. Duration of epilepsy before CC was 20.6 and 14.8 months in the nondelayed and delayed groups, respectively. No significant difference in duration of epilepsy was observed between the 2 groups. Table 1 shows the seizure outcomes for patients in the nondelayed and delayed groups. Worthwhile seizure reduction was observed in 21 of the 27 patients (77.8%) in the nondelayed group and in 12 of the 29 patients (41.3%) in the delayed group. Seizure outcomes were significantly better in the nondelayed group than in the delayed group (P < 0.01). Table 4 shows chronologic changes in DQ, DA, and DR at each follow-up point in the nondelayed and delayed groups. DQ, DA, and DV in the nondelayed group were significantly better than those in the delayed group.
| DISCUSSION
Consistent with the present results, Pinard et al 14 have
reported the effectiveness of CC in 2 patients with WS and described the importance of the corpus callosum in the mechanisms underlying ES bilateralization. CC has been used widely to prevent intractable secondarily generalized epilepsies, such as atonic (AT), TS, and generalized tonicclonic seizures. 19 However, reports on patients with ES are limited and the numbers of patients are small. 14, 20 Nevertheless, the effectiveness of CC for generalized epilepsy after WS has been reported. [20] [21] [22] [23] Herein we present data from the first large series of CC for the treatment of ES in patients with WS who had bilateral ES and EEG abnormalities without clear focal or lateralized lesions on MRI. Table 5 cites previous reports on the use of CC for the treatment of WS or generalized epilepsy after WS. The age at the onset of epilepsy was younger than 1 year in all reports, and age at the time of CC was approximately 7 years when excluding the results presented here. In 3 reports, [20] [21] [22] [23] 21 The results of the above study were comparable to those obtained in our study. These findings indicate that CC is an important therapeutic option for the treatment of ES in patients with WS or intractable epilepsies after WS. Surgical outcomes have been reported to be better in patients who undergo total CC than in those who undergo anterior CC. 19 Of the 17 patients in the study by Pinard et al, 21 anterior CC with preservation of the splenium was performed in 13 of the 17 patients initially, posterior CC was performed in 3, and total CC was performed in one. However, a dramatic reduction in ES was observed after the completion of total CC. Recently, division of the callosal fibers from the motor, premotor, and supplementary motor cortices (selective posterior CC) was reported to be effective for suppression of DA. 26 Preservation of the anterior callosal fiber from the prefrontal region may result in functional and behavioral improvements, although it leads to a permanent disconnection syndrome. In the above study, DAs in their patients were provoked by AT, TS, and myoclonic seizure, and mean age at the time of surgery was 21.5 years. Further investigation is necessary to clarify whether functional improvements may be due to the preservation of the anterior callosal fibers or suppression of DA. Various mechanisms have been proposed to underlie the generation of ES. Traditionally, dysfunctions of brainstem nuclei have been thought to generate ES with descending activity, and ascending input to cortical structures produce hypsarrhythmia. 27, 28 However, evidence for a cortical DQ, developmental quotient; DA, developmental age (months); DR, developmental rate = (DA (follow-up) − DA (preoperation))/follow-up months. Statistical differences in the DQ, DA, and DR between the F + E and the G + P groups; *P < 0.05; **P < 0.01. Statistical differences in DQ, DA, and DR between the nondelayed and delayed groups; ***P < 0.05; ****P < 0.01.
origin of ES has gradually accumulated. Areas of focal hypoperfusion in the cortex 29, 30 and ictal focal cortical hyperperfusion on SPECT, 24, 31 or increased regional blood volume in the cortex during ES on multichannel near-infrared spectroscopy, 32 have been reported. Resection of cortical lesions on CT 2,4 and MRI 3, 6 or areas of abnormal glucose metabolism on PET [11] [12] [13] have been shown to lead to cessation of seizures. Furthermore, resection of the area of focal spikes, triggered by widespread fast-wave burst activity, have been reported to result in good seizure outcomes. 33 The above results suggest that cortical areas may trigger ES, although the resected area was different in each of the reports. A study of intracranial EEG using depth electrodes also confirmed that ES originated from various cortical regions. 25 Dulac et al 34 proposed that ES may be a final common pathway for various diseases that share similar features within a specific age range wherein there is transient hyperexcitability of the brain. Symmetrical increases in cerebral glucose metabolism in the bilateral lenticular nuclei and a less prominent increase in the brainstem have been identified using PET in addition to the cortical abnormal perfusion area. 35, 36 Resection of a focal cortical area identified by PET can lead to the cessation of seizures and normalization of subcortical metabolic patterns. 36 These findings suggest that bilateral symmetrical hypermetabolism in the lenticular nucleus may account for relatively symmetrical semiology of ES and that corticalsubcortical interactions may be important for the generation of symmetrical ES. However, the function of the corpus callosum in the pathophysiology of ES was not considered in the aforementioned studies.
In this study, seizure-suppressive effects differed between ES and TS. Significant improvements were observed in 37 of the 56 patients (66.1%) with ES and in 2 of the 9 patients (22.2%) with TS. Spencer 37 reported different age-dependent effects of CC on secondary generalized seizures such as AT, TS, and tonic-clonic seizures.
No clear reasons for differences in seizure-suppressive effects were identified in the present study. Focal EEG abnormalities may be easier to record in the early stage of WS and difficult to detect once hypsarrhythmia is established. 38 Bilateral ictal and interictal epileptic abnormalities were recorded in all patients before CC in this study. During video-EEG monitoring 1 year after CC, epileptic discharges were not captured in 6 patients (10.7%), and unilateral diffuse or focal epileptic abnormalities were observed in 19 (33.9%). Thirty-one patients (55.4%) showed bilateral asynchronous epileptic abnormalities. These EEG changes after CC were correlated significantly with surgical outcomes (P < 0.01). CC may contribute to the identification of the original epileptogenic area in WS. Furthermore, ES that were bilaterally synchronous before CC changed to bilaterally independent ES originating from the contralateral hemisphere after CC. 39 This finding may reflect the importance of the bilateral connections through the corpus callosum for the generation of bilateral ES. Persistence of ES is thought to predict worse developmental prognosis. 40, 41 Significant developmental delay prior to the onset of ES and the absence of a therapeutic response to ACTH have also been reported to predict adverse cognitive outcomes. 38, 42 In this study, 29 of the 56 patients (51.8%) had developmental delay before the onset of epilepsy. All 47 patients who received ACTH failed to respond. These factors may predict poor outcomes for seizures and psychomotor developments in our patients. Early surgery has been reported to prevent permanent deterioration of psychomotor developments. 43 In patients with WS who had undergone resective surgery, shorter duration of epilepsy and better presurgical DQ scores correlated with better postsurgery developmental outcomes and seizure control. 9, 10 In this study, developmental delay before the onset of seizure was the only factor that was correlated significantly with poor outcomes in seizure control. In the nondelayed group, DQ declined rapidly from the normal level to 24.5 during the 20.6 months before CC. No significant difference was observed in DQ between the F + E and G + P groups before CC. Although DQ values were still low in the F + E group at the 1-and 2-year follow-up time points after CC, they were significantly higher than those in the G + P group (P < 0.05). These findings indicate that the expected decline in DQ was positively modified by CC, particularly in patients with controlled seizures.
The first 5 months of the postnatal periods is characterized by the most rapid synaptogenesis, 44 and the persistence of hypsarrhythmia longer than 3 weeks at the onset of WS is known to increase the risk of lower developmental outcomes. 45 The rapid decline in the DQ after the onset of epilepsy in the nondelayed group suggests that frequent seizures may adversely affect normal neuropsychological development during the early period of infancy. Our results suggest that when a patient with WS fails to respond to first-line therapy with ACTH or vigabatrin, early surgical intervention should be considered not only for seizure control, but also to allow for catching up of cognitive function before the occurrence of severe developmental delay. This study had some limitations. It was a retrospective study and therefore contained no control data. The majority of the patients were referred to us from a wide area in Japan after they had exhibited severe developmental delay. The selection of patients and the time of surgery were mainly dependent on the judgments of the pediatric neurologists in the hospitals that referred the patients. Therefore, we could not confirm the critical timing of surgery both in terms of seizure duration and in the level of psychomotor development required for catch-up after CC. Although it may be difficult to perform CC in all patients with intractable WS, our results suggest that CC may be an important therapeutic option for patients with intractable WS without resectable MRI lesions.
